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Development of An Improved Oxygen Electrode for Use 
in Alkaline H2-02 Fuel Cells 

Summary 

An apparatus was built for preparing catalysts for use as the oxygen 
electrode in the alkaline H2-02 fuel cell. 
which can be operated independently to reduce, carbide, or nitride 50 to 
100 cc batches of catalyst preparations. 

It consists of four units 

Twenty-four samples have been submitted to Tyco Laboratories for 
fuel-cell testing. These include epsilon, chi, and theta iron carbides, 
gamma, epsilon, and zeta iron nitrides, iron carbonitrides, and iron 
nitrocarbides prepared from leached Raney iron and from a reduced alkali- 
promoted magnetite. 

An induction furnace has been modified to accommodate preparations 
of l-pound batches of Raney alloys under an inert atmosphere or under 
vacuum. 

Introduction 

The objective of this project is the development of catalysts to 
improve the efficiency of the oxygen electrode in alkaline H2-02 fuel 
cells. 

Tyco Laboratories, Waltham, Mass., has shown that an interstitial 
compound, Hggg carbide (Fe2C), has a high activity for 02 reduction. 
Although its activity is lower than platinum, palladium, silver, and 
gold it is considerably better than iron. 
interstitial compound has opened up a large group of potential catalysts. 
It is these catalysts that this project is engaged upon preparing. 

The partial success of this 

A careful and intensive literature search has been conducted on 
carbides, nitrides, carbonitrides, nitrocarbides, and boride: of iron, 
cobalt and nickel. Basic research on carbides was done by Hagg in the 
1930's (r). 
carburized products at several temperatures. 

He used the procedure of Bahr and Jessen (2-4) and prepared 
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The ca rb ides  of i r o n ,  n i c k e l  and coba l t  were f i r s t  prepared by t h e  

I n  1944, Hofer (5) published a r e p o r t  on t h e  prepa-  
Fede ra l  Bureau of Mines i n  t h e  e a r l y  f o r t i e s  i n  i t s  s tudy  of  t h e  F i sche r -  
Tropsch syn thes i s .  
r a t i o n  and p r o p e r t i e s  of  metal carb ides .  
o u t  cons iderable  amount of work i n  regard  t o  m e t a l  c a r b i d e s ,  n i t r i d e s ,  
and c a r b o n i t r i d e s  (5,7). 

From 1946-63 t h e  Bureau turned 

I n  1960 Johnston,  Heikes and P e t r o l o  @ , 9 )  of t h e  Westinghouse 
Research Labora tor ies  i n  P i t t sbu rgh  used leached Raney i r o n ,  r a t h e r  than  
a reduced magnet i te  promoted wi th  K20 pre fe r r ed  by t h e  Bureau, i n  t h e  
p repa ra t ion  of t h e  carb ide .  
h ighe r  p u r i t y  of  t h e  ca rb ide  obta ined ,  t h i s  technique w i l l  be  examined 
more c l o s e l y  by us.  

Because of t he  ease i n  p repa ra t ion  and 

Experimental  Procedure 

Apparatus 

Apparatus was cons t ruc ted  t o  a l low f l e x i b i l i t y  and p r o d u c t i v i t y  i n  
The equipment 

To each u n i t  a manifold of 6 gases ,  H2, N 2 ,  CO2, CO, 

prepar ing  i n t e r s t i t i a l  compounds by gas-phase r e a c t i o n s .  
i s  shown i n  f i g u r e  1. 
o f  each o t h e r .  
H f l O ,  and "3, i s  connected. Each u n i t  i s  provided with an  e l e c t r i c a l l y  
hea ted  r e a c t o r  and gas-preheat  zone. 
i n  t h e  h o r i z o n t a l  Vycor tube  as a f ixed  bed approximately 5 inches i n  
length  and 1 inch i n  diameter  and confined by s t a i n l e s s  steel  screens .  
Three thermocouples are loca ted  a x i a l l y  i n  t h e  f r o n t ,  middle ,  and end of  
bed and are cont inuously recorded. One of t h e  3 thermocouples may a c t  
as t h e  sens ing  element f o r  t h e  temperature c o n t r o l l e r .  The c o n t r o l l e r  
i s  a Pyrovane u n i t  au tomat ica l ly  opera t ing  a h igh  and low level of  elec- 
t r i c a l  h e a t i n g  of t h e  r eac to r .  The prehea t  zone i s  a c y l i n d r i c a l  form- 
f i t t i n g  cage of 1/4" g l a s s  beads which can be  r e a d i l y  removed dur ing  
d i scha rge  of c a t a l y s t .  The ca rb id ing  opera t ion  i s  a h i g h l y  exothermic 
r e a c t i o n  and if not  c l o s e l y  c o n t r o l l e d  would r e s u l t  i n  h o t  s p o t s ,  run-  
away tempera tures ,  and depos i t i on  of f r e e  carbon. To monitor t h e  car- 
b i d e  r e a c t i o n  2 automatic systems are  employed. When ca rb id ing  wi th  a 
H2-l-C€l mixture ,  t h e  gas  e f f l u e n t  i s  monitored by a L i r a  i n f r a r e d  absorp- 
t i o n  u n i t .  When r e a c t i o n  inc reases  t o  the  e x t e n t  t h a t  20% of t h e  CO i s  
consumed, a l l  h e a t s  both h igh  and low l e v e l  are shu t  o f f .  The h e a t s  are  
r e tu rned  when t h e  CO con ten t  r e t u r n s  t o  greater than  80% o f  t h e  i n i t i a l  
level.  
s i m i l a r l y  employed. 
o p e r a t o r  may set h i s  temperature  c o n t r o l  t o  35OoC and t h e  CO monitor  t o  

Four sepa ra t e  u n i t s  can be operated independently 

The p repa ra t ion  being made i s  he ld  

When ca rb id ing  wi th  pure CO, a thermal conduc t iv i ty  u n i t  i s  
Thus a t  t h e  start  of t h e  ca rb id ing  ope ra t ion ,  t h e  
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' 20% o f  CO consumed. Although r e a c t i o n  may s t a r t  as low as 15OoC,  t h e  
bed temperature w i l l  g r adua l ly  and c o n s i s t e n t l y  r ise t o  35OoC, perhaps 
over  a per iod of 24 hour s ,  'with t h e  degree of r e a c t i o n  h e l d  t o  a maxi- 
mum o f  20% CO conversion. Both the  temperature and CO con ten t  of t h e  
e f f l u e n t  a r e  cont inuously recorded. With t h i s  type of  c o n t r o l  un- 
a t tended  overnight  ope ra t ions  are poss ib l e .  
system i s  shown i n  f i g u r e  2. 

The i n f r a r e d  d e t e c t i o n  

P repa ra t ion  of  c a t a l y s t s  

The p repa ra t ion  of  t h e  c a t a l y s t s  i s  discussed under t h e  fol lowing 
top ic s :  

1. Raney i r o n  p repa ra t ions  

2. Reduction o f  magnet i te  

3 .  Coprec ip i ta ted  c a t a l y s t  p repa ra t ions  

4. Carbide p repa ra t ions  

5. N i t r i d e  p repa ra t ions  

6 .  Nit rocarb ide  p repa ra t ions  

7. Carboni t r ide  p repa ra t ions  

1. Raney i r o n  p repa ra t ions  

Procedure 

The procedure involves  t h e  leaching  of aluminum i n  Raney i r o n  (FeA12) 
wi th  an excess  of sodium hydroxide a t  a temperature not  t o  exceed 8OoC 
under an argon atmosphere. 
d i s t i l l e d  water t e n  t i m e s ,  py r id ine  f i v e  t i m e s ,  and then s to red  under 
py r id ine  f o r  l a t e r  use.  Table 1 shows the experimental  cond i t ions  
employed i n  t h e  earlier p repa ra t ions .  A t  presen t  Raney i r o n ,  150-200 
mesh, i n  ba t ches  of 200 grams are used. 

The remaining f i n e  i r o n  i s  washed wi th  bo i l ed  

A t  t h e  s t a r t  of t h e  n in th  run  t h e  Raney i r o n  w a s  t r e a t e d  twice with 
f r e s h  sodium hydroxide t o  inc rease  t h e  e f f i c i e n c y  of  leaching.  
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FIGURE 2. - Infrared Detection Apparatus for CO Monitoring. 
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Resul t s  

X-ray a n a l y s i s  of t h e  leached Raney i r o n  showed a-Fe as t h e  major 
phase and Fe304 as t h e  minor phase. 
taminant i n  t h e  e a r l y  p repa ra t ions  of ca rb ide  prepared from Raney i r o n  
could now be explained.  By reducing t h e  leached Raney i r o n  wi th  hydrogen 
a t  45OoC, e l imina t ion  of  Fe304 i n  l a te r  p repa ra t ions  of  t h e  i r o n  ca rb ides  
was achieved. 

The presence of Fe3O4 a s  a con- 

2. Reduction of magnet i te  

Procedure 

An alkal i -promoted magnet i te ,  whose a n a l y s i s  i s  given below, was 
reduced wi th  hydrogen a t  an hour ly  space v e l o c i t y  of 2,500 a t  450°C f o r  
about 40-44 hours.  
of H20 c o l l e c t e d  i n  a series of dry ing  tubes ,  a s  shown i n  t a b l e  2 and 
f i g u r e  3. 

The degree of r educ t ion  was determined by t h e  amount 

0 IO 20 30 40 50 

TIME, hours 
FIGURE 3. - Reduction of  A lka l i -Promoted Magnet i te With H2 a t  450" C and an 

Hourly Space Ve loc i t y  of 2,500. 



TABLE 2.- Reduction o f  magnet i te  

Run 
no 

1R 

- 

2R 

3R 

4R 

5R 

6R 

7R 

1 OR 

~~ 

qagne t i t e  
zharged , 

61.37 

64,72 

62.45 

61.44 

65.55 

62.43 

62.74 

67.32 

Recover ab 1 e 
H20 f o r  100% 
reduc t ion ,  &/ 

17.99 

18.97 

18.31 

18.01 

19.22 

18.30 

18.39 

19.73 

~ 

H20 
c o l l e c t e d ,  
L 

13.16 
15.52 

18.18 

17.34 

17.19 

18.14 

16.75 

16.87 

18.69 

~~ ~ ~ _ _ _ _ _  

Eeduction, 
percent  

73.2- b/ 
86.3 

95.8 

94.7 

95.5 

94.4 

91.5 

91.7 

94.7 

Hourly 
space 

v e l o c i t y ,  
h r - l  

10,000 
2,500 

2,500 

2 , 500 

2,500 

2,500 

2 , 500 

2 , 500 

2 , 500 

18 - a /  (Charge o f  magnetite) ( 0 . 2 6 0 6 ) ( ~ )  = weight of recoverable  water. 

React ion 
t irne , 
h r  s 

10 
23 

44 

37 

44 

40 

43 

44 

33 

- b /  Low va lue  because of  f a i l u r e  t o  d i sp l ace  a i r  i n  absorbent  b o t t l e s  with 
hydrogen. 
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Alkali-promoted magnet i te  

T o t a l  i r o n  = 67.40% 

100% - (Tota l  i r o n  -k MgO 4- K20 -k Si02 4- Cr2O3) = Removable oxygen. 

3. Coprec ip i ta ted  c a t a l y s t  p repa ra t ions  

This  work w a s  done t o  supplement our  f u t u r e  a l l o y i n g  s tud ie s .  I n  
examining t h e  phase diagram d a t a  (E) on t h e  Fe-Ag and Co-Ag systems 
i t  i s  seen t h a t  t h e  meta ls  i n  both cases are  not  apprec iab ly  mutual ly  
so luble .  It w a s  thought t h a t  i t  would be more p r a c t i c a l  t o  prepare  a 
mixture  of ox ides  by c o p r e c i p i t a t i o n ,  followed by r educ t ion ,  n i t r i d i n g ,  
and carb id ing  . 

I r o n  ox ide - s i lve r  oxide mixtures  were prepared by t r e a t i n g  a mixed 
s o l u t i o n  o f  i r o n  and silver n i t r a t e s  wi th  Na2C03. The p r e c i p i t a t e s  were 
f i l t e r e d ,  washed, and d r i e d  a s  shown i n  t a b l e  3. The mixed oxides  were 
reduced and n i t r i d e d .  A s tock  of i r o n - s i l v e r  and c o b a l t - s i l v e r  mixtures  
w i l l  be made and w i l l  be used t o  prepare  i n t e r s t i t i a l  compounds. 

4. Carbide p repa ra t ions  

A s  ca rb id ing  p l ays  a major r o l e  i n  t h i s  p r o j e c t ,  techniques of 
ca rb id ing  i r o n  a r e  d iscussed  i n  d e t a i l  i n  t h e  Appendix. 
bor id ing  are also covered. 

N i t r i d i n g  and 
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a .  Procedure 

A known weight of f ine ly-d iv ided  i r o n  under py r id ine  was t r a n s f e r r e d  
t o  a Vycor tube ( f i g u r e  4 ) .  
stream of argon. 
n i t rogen  a t  llOo-120°C f o r  a per iod  of 4-5 hours  and recovered i n  a 
s e r i e s  of d ry  i ce - t r i ch lo roe thy lene  t r a p s .  
t o  18OoC and t h e  n i t rogen  replaced with a flow of  10H2+1CO gas a t  an 
hourly space v e l o c i t y  of 3,000. The maximum temperature was s e t  and 
t h e  bed temperature au tomat ica l ly  and slowly r a i s e d  t o  t h e  des i r ed  
level (see t a b l e  4 )  and remained a t  t h a t  l e v e l  f o r  t he  e n t i r e  r e a c t i o n  
t i m e  . 

The pyr id ine  was decanted under a s t rong  
The remaining py r id ine  was dr iven  o f f  under a flow of 

The temperature was r a i s e d  

c 

Thermocouple No 3- 

Vycor 

-Gas outlet 

Cylindrical plug 

creen retainer 

hermocouple NO 2 

Preheat zone 

---)Gas 

FIGURE 4.  - Vycor Reaction Vessel. 
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The r e a c t i o n  was followed with an i n f r a r e d  carbon monoxide ana lyzer  
(see f i g .  2) .  A s  t h e  r e a c t i o n  proceeded t h e  r a t e  of disappearance of 
carbon monoxide could be followed on t h e  analyzer .  
t h e  r e a c t i o n  t h e  c a t a l y s t  was quick ly  cooled under t h e  ca rb id ing  gas 
flow. On reaching room temperature  t h e  c a t a l y s t  w a s  t r a n s f e r r e d  from 
t h e  Vycor ca rb id ing  vessel under a s t rong  flow of carbon d ioxide  i n t o  
a c o l l e c t i o n  f l a s k  (see f i g u r e  5 ) .  The c o l l e c t i o n  f l a s k  was then 
placed i n  a n i t r o g e n - f i l l e d  d ry  box. Samples were taken and examined 
by x-ray d i f f r a c t i o n  and chemical ly  analyzed. I n  us ing  a reduced 
magnet i te  i n  p l a c e  of t h e  leached Raney i r o n ,  CO was s u b s t i t u t e d  f o r  
t h e  10H2+1CO gas  and t h e  gas  e f f l u e n t  was monitored by the  thermal 
conduct iv i ty  CO ana lyzer .  

Upon completion of 

250 ml f lash 

FIGURE 5. - Collection F lask  and Adapter Element. 
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Run 2C showed both s-Fe2C and Fe3O4, and t h e  absence of x-Fe2C and 
a-Fe. This  c o n t r a d i c t s  Johnston and coworkers (E) who s t a t e d  t h a t  t he  
presence of Fe304 seems t o  induce formation of  x-Fe2C i n  preference  t o  
s-Fe2C. 
moted by a mixture  of K20 and A1203 (12) f o r  t he  formation of t he  hex- 
agonal ca rb ide  i s  not  necessary.  

The requirement t h a t  i r o n  c a t a l y s t s  con ta in  copper (11) o r  pro-  

The presence of Fe304 a s  a minor phase contaminating ca rb ides  
produced from leached Raney i r o n  w a s  shown t o  have come from t h e  Raney 
i ron .  
Fe3O4 was el iminated.  
beyond. 
then converted t o  e-Fe3C by hea t ing  a t  5OO0C by t h e  method of Hofer and 
Cohn (13). 

By reducing t h e  leached Raney i r o n  w i t h  hydrogen a t  45OoC t h e  
This  i s  evident  i n  ca rb ide  prepara t ion  5C and 

Theta i r o n  ca rb ide  was produced by f i r s t  preparing x-Fe2C and 

5. N i t r i d e  p repa ra t ions  

Procedure 

The same u n i t  w a s  used f o r  both r educ t ion  and n i t r i d i n g .  The re- 
duced magnet i te  o r  leached Raney i r o n  w a s  exposed t o  a flow of ammonia 
a t  the  opera t ing  cond i t ions  ind ica ted  i n  t a b l e  5. 
ammonia t reatment  t h e  c a t a l y s t  w a s  cooled quick ly  under t h e  NH3 flow and 
then  t r a n s f e r r e d  t o  t h e  r ece iv ing  b o t t l e  under a flow of  n i t rogen .  

A t  t h e  end of t he  

R e s u l t s  

I n  runs 1 N  and 2N both  s-Fe3N and yLFe4N were obtained;  s-Fe3N was 
There w a s  com- 

A pure y'-FeqN w a s  p re-  
t h e  major phase i n  1 N  and ylFe4N the  major phase i n  2N. 
p l e t e  absence of a-Fe and Fe3O4 i n  both cases. 
pared from the reduced magnet i te  i n  run  7N and from Raney i r o n  i n  8N. 
A pure s-Fe3N was obtained i n  10N. 
magnet i te  b u t  a mixture  with t h e  eps i lon  as a minor phase was obtained 
from t h e  Raney i ron .  
6 prepa ra t ions  were ind iv idua l ly  7.94, 9.12, 9.61, and 9.75 percent .  
According t o  Hofer (7) t h e  n i t rogen  conten t  of t h e  y'-FeqN ranges from 
5.75-5.95%, and the s-Fe3N from 7.2-11.0%. 
si lver mixtures  the s-Fe3N phase was formed w i t h  no n i t r i d i n g  occurr ing 
with the s i l v e r .  S i l v e r  n i t r i d e s  have not  been repor ted  i n  t h e  l i t e r a -  
t u r e .  

A c-Fe2N w a s  obtained from t h e  

The n i t rogen  conten t  of the y was 5.04% and t h e  

With the  coprec ip i t a t ed  i ron -  

S i lve r -n i t rogen  compounds a r e  g e n e r a l l y  explosive.  



b. Resu l t s  

During t h e  carb id ing  runs samples of t h e  e x i t  gas  were taken and 
analyzed chromatographically.  
wi th  10H2+1CO gas ,  t h e  e x i t  gas  composition, on a d ry  b a s i s ,  was as 
follows : 

A t  6 hours  of carb id ing  i n  run  No. 3C 

Several  r e a c t i o n s  a r e  occurr ing  s imultaneously:  

2COf2Fe + Fe2C+C02 

nCO+bH2 + CnH2n+2+"H20 

2co + C O 2 K  

Equation (1) i s  t h e  d e s i r e d  r e a c t i o n .  The o t h e r  concurren t  r e a c t i o n s  
a r e  catalyzed by the  i r o n  and i r o n  ca rb ide  p re sen t .  

13  
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6 .  Nit rocarb ide  p repa ra t ions  

Procedure 

A known weight of i r o n  ca rb ide  w a s  t r a n s f e r r e d  t o  t h e  Vycor r e a c t o r  
tube  under a s t rong  flow of  C02. 
t h e  C02. 
t h e  des i r ed  l e v e l  and maintained f o r  t h e  du ra t ion  of t h e  n i t r i d i n g .  
When the  r e a c t i o n  was completed and on reaching room temperature  t h e  
c a t a l y s t  was t r a n s f e r r e d  from t h e  Vycor n i t r i d i n g  vessel under a s t rong  
flow of N2 i n t o  a c o l l e c t i o n  f l a s k .  
p laced  i n  a n i t r o g e n - f i l l e d  d ry  box and samples taken f o r  x- ray  d i f -  
f r a c t i o n  and chemical ana lys i s .  Condi t ions f o r  n i t r o c a r b i d i n g  are shown 
i n  t a b l e  6 .  

Afte r  t r a n s f e r ,  N2 was used t o  f l u s h  
A flow of  MI3 w a s  then  s t a r t e d  and t h e  temperature  r a i s e d  t o  

The c o l l e c t i o n  f l a s k  was then  

Resul t s  

Action of  ammonia on x-Fe2C proceeds as fol lows:  Nitrogen may 
s u b s t i t u t e  f o r  carbon i n  t h e  ca rb ide  l a t t i c e  producing a c h i  i r o n  
n i t roca rb ide .  
c h i  i r o n  ca rb ide  l a t t i ce  occurs ,  t h e  c r y s t a l  s t r u c t u r e  w i l l  change t o  
t h e  eps i lon  i r o n  n i t roca rb ide .  I n  run  1NC complete t ransformat ion  o f  
t h e  c h i  t o  the  eps i lon  occurred. I n  run  2NC p a r t i a l  t ransformat ion  
occurred. A s i m i l a r  r e a c t i o n  occurs  on n i t r i d i n g  t h e t a  i r o n  carb ide .  
I n  3NC complete t ransformat ion  t o  t h e  e p s i l o n  phase r e s u l t e d .  This  
t es t  w i l l  he  repea ted  under mi lder  n i t r i d i n g  cond i t ions  (30OoC f o r  
7 hours)  t o  r e t a i n  t h e  t h e t a  phase. 

When s u f f i c i e n t  n i t r o g e n  t o  induce i n s t a b i l i t y  i n  t h e  

7 Carboni t r ide  p repa ra t ions  

Procedure 

A known weight of i r o n  n i t r i d e  w a s  t r a n s f e r r e d  t o  t h e  Vycor r e a c t i o n  
tube  under a s t rong  flow of N2. 
n i t r i d e  pure CO was s u b s t i t u t e d  f o r  t h e  10HfllCO mixture .  The CO, f lowing 
through an a c t i v a t e d  carbon t r a p ,  was passed through t h e  n i t r i d e  a t  an 
hour ly  space v e l o c i t y  of 100. 
level on the temperature c o n t r o l l e r  and t h e  gas  e f f l u e n t  monitored by t h e  
i n f r a r e d  o r  thermal conduc t iv i ty  u n i t .  
t h e  r e a c t o r  was quick ly  cooled under a CO flow. 
was reached t h e  c a t a l y s t  was t r a n s f e r r e d  from t h e  Vycor ca rb id ing  vessel 
t o  t h e  c o l l e c t i o n  f l a s k .  
box, samples  were taken f o r  x- ray  and chemical  a n a l y s i s .  Condi t ions f o r  
ca rbon i t r id ing  are shown i n  t a b l e  7. 

To avoid  s t r i p p i n g  t h e  n i t rogen  i n  t h e  

The temperature  was set t o  the d e s i r e d  

Upon complet ion o f  t h e  r e a c t i o n  
When room temperature  

The c o l l e c t i o n  f l a s k  w a s  p laced  i n  t h e  i n e r t  
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Results 

At temperatures of 35OoC, the epsilon and gamma iron nitrides take 
up carbon to form the epsilon carbonitride. 
of 400' the epsilon phase would probably transform to the chi carbo- 
nitride. 

Operating at temperatures 

Work Plan 

Synthesis of 50-100 gram samples of interstitial compounds (see 
list below) will be made. The samples will be shipped in 15 to 25- 
gram lots under an inert atmosphere in plastic vials to laboratories 
designed by NASA. 
method of preparation, chemical analysis, qualitative x-ray diffraction 
analysis, and B.E.T. surface area measurements. 

Along with the samples will be information on 

Interstitial compounds of interest: 

1) Hexagonal-iron carbide 
2) H'agg-iron carbide 
3) Cementite 
4) Gamma-iron nitride 
5) Epsilon-iron nitride 
6) Zeta-iron nitride 
7) Gamna-iron carbonitride; gamma-iron nitrocarbide 
8) Epsilon-iron carbonitride; epsilon-iron nitrocarbide 
9)  Zeta-iron carbonitride; zeta-iron nitrocarbide 
10) Iron boride 
11) Nickel carbide 
12) Nickel nitride 
13) Nickel carbonitride 
14) Cobalt carbide 
15) Cobalt nitride 
16) Cobalt carbonitride 
17) Cobalt boride 
18) Raney silver-iron alloys and silver-iron oxide 

19) Silver and iron carbide 
20) Silver and iron nitride 
21) Silver and iron carbonitride 
22) Iron-nickel Raney alloys (same compositions as silver-iron alloys) 
23) Iron-nickel carbide 
24) Iron-nickel nitride 
25) Iron-nickel boride 
26) Iron-nickel carbonitride 

25Ag:75Fe; 5OAg:50Fe; 75Ag:25 Fe 
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2 7 )  Raney iron-cobalt alloys 
2 8 )  Iron-cobalt carbide 
29)  Iron-cobalt nitride 
30)  Iron-cobalt boride 
3 1) Iron-coba It carbonitride 
3 2 )  Raney cobalt-nickel alloys 
3 3 )  Cobalt-nickel carbide 
3 4 )  Cobalt-nickel nitride 
3 5 )  Cobalt-nickel carbonitride 
3 6 )  Cobalt-nickel boride 
37) Raney iron-cobalt-nickel alloys 
3 8 )  Iron-cobalt-nickel carbide 
3 9 )  Iron-cobalt-nickel nitride 
4 0 )  Iron-cobalt-nickel carbonitride 
41) Iron-cobalt-nickel boride 
4 2 )  Raney iron-cobalt-silver a l l o y s  
43)  Iron-cobalt-silver carbide 
44) Iron-cobalt-silver nitride 
45)  Iron-cobalt-silver carbonitride 
46)  Iron-cobalt-silver boride 
47)  Raney cobalt-silver alloys and cobalt-silver oxide 
48) Cobalt-silver carbide 
49)  Cobalt-silver nitride 
5 0 )  Cobalt-silver carbonitride 
5 1 )  Cobalt-silver boride 
5 2 )  Raney nickel-silver alloys 
5 3 )  Nickel-silver carbide 
5 4 )  Nickel-silver nitride 
5 5 )  Nickel-silver carbonitride 
5 6 )  Nickel-silver boride 
5 7 )  Raney iron-silver-gold alloys 
58)  Iron-silver-gold carbide 
5 9 )  Iron-silver-gold nitride 
6 0 )  Iron-silver-gold carbonitride 
61) Iron-silver-gold boride 
6 2 )  Raney cobalt-silver-gold alloys 
6 3 )  Cobalt-silver-gold carbide 
6 4 )  Cobalt - s ilver -gold nitride 
6 5 )  Cobalt - s ilver-gold carbonitride 
6 6 )  Cobalt-silver-gold boride 
6 7 )  Raney nickel-silver-gold alloys 
6 8 )  Nickel-silver-gold carbide 
6 9 )  Nickel-silver-gold nitride 
7 0 )  Nickel-silver-gold carbonitride 
7 1 )  Nickel-silver-gold boride 



Raney nickel-cobalt-silver alloys 
Nickel-cobalt-silver carbide 
Nickel-cobalt-silver nitride 
Nickel-cobalt-silver carbonitride 
Raney nickel-cobalt-gold alloys 
Nickel-cobalt-gold carbide 
Nickel-cobalt-gold nitride 
Nickel-cobalt-gold carbonitride 
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APPENDIX I 

A t  th is  p o i n t  it would be informative t o  b r i e f l y  d i s c u s s  t h e  f i v e  
genera l  methods of prepar ing  ca rb ides  of i r o n ,  n i c k e l ,  and c o b a l t  by 
gas-phase r eac t ions :  

1. Carbur iza t ion  of reduced m e t a l  oxides with CO o r  CO-containing 
gases .  

2. Carbur iza t ion  of  meta l  oxides  with CO o r  CO-containing gases.  

3. Carbur iza t ion  of reduced metals  using hydrocarbon vapors.  

4. Carbur iza t ion  o f  n i t r i d e s  of metals  us ing  CO o r  CO-containing 
^--a g---S. 

5. Carbur iza t ion  of leached Raney i r o n  by CO-containing gases.  

1. Carbur iza t ion  of  reduced metal  oxides with CO o r  CO-containing gases 

This w a s  t h e  procedure by which the  Bureau prepared most of i t s  
carb ides .  The i r o n  oxide w a s  an alkali-promoted magnet i te  used i n  the 
commercial syn thes i s  of ammonia. 
a t  an hour ly  space v e l o c i t y  of  2,500 at 45OoC (l4) f o r  a per iod  of 40 
hours  i n  a s p e c i a l  r e a c t i o n  u n i t .  
by t h e  d i f f e r e n c e  i n  weight of t h e  magnet i te  before  and a f t e r  reduct ion.  

The magnetite w a s  reduced with hydrogen 

The amount of  reduct ion  w a s  determined 

The reduced magnet i te  was re turned  t o  the  r e a c t o r  and heated t o  t h e  
des i r ed  r e a c t i o n  temperature w i t h  a stream of N 2  flowing. 
passed over  t he  c a t a l y s t  a t  an hour ly  space v e l o c i t y  of 100. 
b id ing  w a s  continued f o r  t h e  des i r ed  t i m e  and the  product  cooled quick ly  
wi th  a flow of  n i t rogen .  

CO w a s  then 
The ca r -  

B a s i c a l l y  t h e  problems involve the  depos i t i on  of  carbon, t h e  oxi -  
d a t i o n  of  t h e  product when t h e  percentage of C02 i n  t h e  e x i t  gas exceeds 
20 p e r c e n t ,  and t h e  extremely long time t o  prepare  the pure carb ides .  
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2. Carbur iza t ion  of  metal oxides wi th  CO o r  CO-containinp ggses 

To form ca rb ides  from oxides  by t h e  r e a c t i o n  2Fe3044-14CO +3Fe2C+llC02 
r e q u i r e  temperatures gene ra l ly  50 '-100 O C  h ighe r  than  t h a t  r equ i r ed  with 
t h e  reduced oxides.  
nea r ly  pure ca rb ides  have y e t  t o  be  prepared by t h i s  technique. The prob- 
a b l e  contamination of t h e  oxide would a l s o  be undes i rab le .  
method has  been plagued by l a r g e  amounts of depos i ted  carbon formed dur ing  
t h e  reac t ion .  

This  method i s  a l s o  u n s a t i s f a c t o r y  s i n c e  pure o r  

F i n a l l y ,  t h i s  

3. Carbur iza t ion  of reduced metals us ing  hydrocarbon vapors  

Thermodynamic d a t a  show t h a t  i t  i s  p o s s i b l e  t o  form any of t h e  
carb ides  of i r o n  a t  temperatures  above 100°C us ing  any of t h e  p a r a f f i n i c ,  
o l e f i n i c ,  o r  a c e t y l e n i c  hydrocarbons except  CH4 and C2H6 a s  ca rbur i z ing  
gases.  
4OO0C with CH4. 

The r e a c t i o n  becomes p o s s i b l e  a t  about 200'C wi th  C2H6 and about 

The p r i n c i p l e  advantage of t h i s  method would be t h a t  t h e  ca rb ides  
are  formed e n t i r e l y  under reducing cond i t ions ,  l eav ing  l i t t l e  chance 
f o r  oxide formation. It has  been r epor t ed  by Podgurski and coworkers (a 
t h a t  formation of mixtures  of X-Fe2C and a-Fe have been made by us ing  
propane, butane,  and pentane as ca rbur i z ing  gases .  However, they  i n d i c a t e  
t h a t  the  ca rb id ing  was incomplete and t h a t  n e i t h e r  Fe2C nor  Fe3C can be 
produced as completely as i s  p o s s i b l e  wi th  o t h e r  methods. 

4. Carbur iza t ion  o f  n i t r i d e s  of metals us ing  CO o r  CO-containing pases 

Carbon monoxide r e a c t s  with n i t r i d e s  of i r o n  i n  t h r e e  ways: (15) 
F i r s t ,  the  c a r b i d i c  carbon may r e p l a c e  n i t rogen  wi th  carbon;  t h e  c r y s t a l  
s t r u c t u r e  of t h e  o r i g i n a l  n i t r i d e  i s  maintained.  Second, t h e  c a r b i d i c  
carbon may be added t o  t h e  i n t e r s t i t i a l  n i t r o g e n  i n  t h e  n i t r i d e  c r y s t a l s  
without  modifying t h e  c r y s t a l  s t r u c t u r e .  Thi rd ,  t h e  s u b s t i t u t i o n  r e a c t i o n  
may proceed so f a r  and t h e  carbon-ni t rogen r a t i o  may become so l a r g e  t h a t  
t h e  c a r b o n i t r i d e  phase becomes uns t ab le  and a phase change r e a c t i o n  t akes  
p l ace .  
of i ron .  
remove a l l  of t h e  i n t e r s t i t i a l  n i t rogen .  

It i s  p o s s i b l e  then t o  form t h e  c a r b i d e s  of i r o n  from t h e  n i t r i d e s  
Experimentally t h e  Bureau has  found t h a t  it i s  very  d i f f i c u l t  t o  

5. Carbur iza t ion  of  leached Raney i r o n  by CO-containing gases  

Johnston,  Heikes and P e t r o l 0  (8) have prepared f i n e  powder hexagonal 
Fe2C by carb id ing  2-4 gram samples of  leached FeA12 a t  240Owith a stream 
of CO and H2 i n  which t h e  r a t i o  CO/H2 v a r i e d  from 1/3  t o  6 / 1  f o r  a pe r iod  
o f  6 hours. 
t h e  l i m i t s  they  inves t iga t ed .  
dominant e f f e c t  i n  t h e  s t a b i l i z a t i o n  of  t h e  hexagonal c a r b i d e  i s  t h e  
absence of Fe304. 

It w a s  found t h a t  t h e  CO/H2 r a t i o  w a s  no t  c r i t i c a l  between 
It appeared t o  t h e  a u t h o r s  t h a t  t h e  p re -  
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W e  have decided t o  use  t h i s  method f o r  several reasons.  F i r s t ,  t h e  
au tho r s  could prepare  t h e  e-Fe2C i n  a pure form f r e e  of  X-Fe2C. Secondly,  
t h e  idea  of us ing  Raney a l l o y s  as t h e  r e a c t a n t  i s  i n t r i g u i n g  due t o  t h e  
h igh  su r face  area and p o r o s i t y  of t h e  leached a l l o y .  
as t h e  su r face  area of t h e  reduced i r o n  inc reases  t h e  ra te  of  carb id ing  
inc reases .  The f i n i s h e d  ca rb ide  should then have a g r e a t e r  su r f ace  area 
s i n c e  it can be prepared a t  lower temperatures due t o  t h e  h ighe r  r e a c t i v i t y  
of  t h e  r e a c t a n t .  

It i s  known t h a t  

N i t r i d e s  of I r o n  

The f i r s t  d e t a i l e d  work done on i r o n  n i t r i d e s  was by Emmett and co- 
workers (16,17). They followed up Noyes and Smith 's  (l8) theory  of pre-  
pa r ing  t h e  n i t r i d e s  by pass ing  d ry  ammonia over  m e t a l l i c  i r o n  a t  tempera- 
t u r e s  aruund 450OC. 
c o n s t a n t s  f o r  t h e  r e a c t i o n  

Emmett  and rnwnrkers determined t h e  equi l ibr ium 

K1 

as w e l l  as t h e  d i s s o c i a t i o n  p res su res  of Fe4N. 

It was not  u n t i l  1951 t h a t  t h e  phase diagram f o r  t h e  i ron-n i t rogen  
I system w a s  completed and publ ished by Jack (19). 

I The Bureau s t a r t e d  work on n i t r i d e s  of i r o n  a t  t h e  same t i m e  as they  
were working on t h e  i r o n  carb ides .  
reduced alkal i -promoted magnet i te  and pass ing  anhydrous ammonia over  it 
a t  temperatures  ranging from 350'-450 OC depending upon which n i t r i d e  they  

a l s o  a t tempt  t o  prepare  the n i t r i d e s  of i r o n  us ing  leached Raney i r o n  as 
our  r e a c t a n t .  

They prepared t h e  n i t r i d e s  by t ak ing  

I were t r y i n g  t o  prepare  ( 2 0 , 2 9 .  I n  add i t ion  t o  t h i s  approach w e  w i l l  
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Carboni t r ides  

I n  gene ra l  c a r b o n i t r i d e s  can be prepared by two methods. 
o f  t h e  metal can be t r e a t e d  wi th  pure CO o r  CO-containing gases .  The pro- 
cedure i s  b a s i c a l l y  t h e  same as f o r  ca rb id ing  t h e  pure  metals (15,21). It 
w a s  found t h a t  syn thes i s  gas  t rea tment  formed carbon-r ich c a r b o n i t r i d e s  a t  
lower temperatures  i n  s h o r t e r  t i m e s  than  i s  p o s s i b l e  with CO. X-ray 
d i f f r a c t i o n  s t u d i e s  show no d i s t i n c t i o n  between t h e  n i t r i d e s  and carbo- 
n i t r i d e s  of iron. 

The n i t r i d e s  

I The ca rb ides  of t h e  m e t a l  can be t r e a t e d  with anunonia t o  produce 
c a r b o n i t r i d e s  i n  t h e  same way as t h e  n i t r i d e s  of t h e  pure  metals can be 
prepared. 

I We w i l l  a t tempt  t o  prepare  t h e  c a r b o n i t r i d e s  by both methods as it 
i s  not  known whether t h e r e  w i l l  be  a d i f f e r e n c e  i n  a c t i v i t y  as t h e  oxygen 
e l e c t r o d e  i n  t h e  H2-02 f u e l  ce l l .  

M e t a l l i c  Borides  o f  F e y  N i ,  Co 

Metallic bor ides  were f i r s t  prepared m e t a l l u r g i c a l l y  i n  t h e  l a t e  
I 19th  and e a r l y  20th century.  For example, i r o n  bo r ides  were f irst  p re -  

pared by Moissan (22) i n  1894. 
on t h e  i r o n  bo r ides  based on Moissan's o r i g i n a l  s t u d i e s .  

Bine t  du Ja s sone ix  (23) d i d  f u r t h e r  work 

It was not  u n t i l  1950 t h a t  o t h e r  t han  m e t a l l u r g i c a l  methods were 
developed t o  prepare  t h e  bo r ides  of t h e s e  metals. The probable  de l ay  
i n  development l i e s  i n  the  l ack  of g r e a t  i n t e r e s t  i n  boron chemistry.  
For it had not  been u n t i l  t h e  last two decades t h a t  major developments 
and i n s i g h t s  have been made i n  boron r e l a t e d  compounds. Paul ,  Buisson, 
and Joseph (24) prepared t h e  bo r ides  of  i r o n ,  c o b a l t ,  and n i c k e l  by t h e  
p r e c i p i t a t i o n  r e a c t i o n  of  sodium borohydride on t h e  sal ts  of these metals 
i n  an aqueous so lu t ion .  
outgrowth of Sch le s inge r ' s  s t u d i e s  on t h e  chemical behavior  o f  a lka l i  
borohydrides on metall ic s a l t s  (25). 
were done by Kur i to ,  and coworkers (26) i n  Japan ,  by Schuele  and 
Dietsereet (a, by Rundquist (28) i n  Sweden, and by t h e  Bureau o f  
Mines (29). 

This  work w a s  s a i d  by t h e  au tho r s  t o  b e  an  

F u r t h e r  s t u d i e s  us ing  t h i s  method 
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. Concerning gas-phase p repa ra t ion  of  bor ides ,  t h e  only  s ta tement  
found i n  t h e  l i t e r a t u r e  was a l e t t e r  w r i t t e n  t o  t h e  e d i t o r  o f  Nature by 
Buddery and Welch, publ ished March 3 ,  1951. It was s t a t e d  t h a t  several 
bo r ides  were prepared by t h e  passage of hydrogen and boron t r ibromide  
vapor  over t h e  hea ted  metals (30). 
i t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  Bureau dur ing  t h e  per iod 1953-1956 had 
attempted t o  prepare  i r o n  bo r ides  by passing va r ious  gas  mixtures  of H e  
and B2Hg and by pass ing  t r ime thy l  boron gas over  reduced i r o n  wi th  no 
apprec i ab le  success.  

Before commenting upon t h i s  p repa ra t ion ,  

Through a p r i v a t e  communication (2) Buddery ind ica t ed  t h a t  t h e  
method he had used would be of gene ra l  a p p l i c a b i l i t y  t o  ou r  own needs. 
H e  a l s o  s e n t  u s  a photocopy of a chapter  i n  t h i s  F'h.0. Thesis  which 
descr ibed  a l l  t h e  experimental  work he had c a r r i e d  out  on t h i s  subjec t .  

Having t h i s  background behind us  it i s  our i n t e n t i o n  t o  a t tempt  LU 

It i s  
p repa re  t h e  needed metal l ic  bor ides  of N i ,  Co, and Fe by t h e  p r e c i p i t a t i o n  
method of  S c h l e s i n g e r ' s  and a l s o  by adapta t ion  of Buddery's work. 
hoped t h a t  t h e  ma jo r i ty  of  bor ides  can be prepared by Buddery's method 
us ing  leached Raney i r o n ,  which would be  more r e a c t i v e  f o r  prev ious ly  
mentioned reasons.  

Alloys 

A t  t h e  o u t s e t  of t h i s  p r o j e c t  w e  had t h e  i n t e n t i o n  o f  producing a 
series of  b ina ry  t r a n s i t i o n  m e t a l  a l l o y s  o f  t h r e e  compositions--75A -25B, 
50A -50B, 25A - 75B, percent--which would b e  carb ided ,  n i t r i d e d ,  carbo-  
n i t r i d e d ,  n i t roca rb ided ,  and borided. The o r i g i n a l  l i t e r a t u r e  search 
w a s  done upon t h i s  premise. 

S ince  then  w e  have become inc reas ing ly  i n t e r e s t e d  i n  prepar ing  these  
i n t e r s t i t i a l  compounds by us ing  leached Raney a l l o y s .  
i n t e n t i o n  t o  prepare  f i r s t  a series of  t e rna ry  t r a n s i t i o n  metal a l l o y s  
o f  t h e  Raney type  and then  a f t e r  leaching t h e  aluminum t o  produce t h e  
i n t e r s t i t i a l  compounds by t h e  usua l  methods. 

It i s  now our  

W e  are p r e s e n t l y  engaged i n  a l i t e r a t u r e  search  on t e r n a r y  Raney 
We expect our  experimental  work i n  t h i s  a l l o y s  o f  t r a n s i t i o n  metals. 

area t o  s tar t  dur ing  t h e  next  qua r t e r .  
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